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Abstract 
A model for the time-dependent flow of CO2-saturated fluid through a leaky well is presented. This simple model accounts for laboratory 
observations of fracture sealing by secondary precipitation due to complex reactive transport coupling. The model uses the principle of flow in series 
and a logistic function to describe the evolution of the precipitation zone’s effective permeability as it advects through the domain. A single well 
leakage scenario is used as an example and to perform a sensitivity study for a range of conditions. 
 Results show that the initial fracture conductivity, retardation factors, and empirical parameters that describe permeability decrease are the 
dominant parameters in the model. These parameters determine time to breakthrough of reservoir fluid and amount of fluid leaked at 50 years. For 
most cases the breakthrough time and total amount leaked are orders of magnitude less than when compared to the constant permeability case. Even 
when residence time is small (i.e. when leak length is short and aperture is large) the model shows significantly less fluid leaked into an overlying 
aquifer.  
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1. Introduction 
1.1. Background 
CO2 and CO2-saturated brine leakage into overlying sensitive assets, such as an Underground Source of Drinking Water (USDW), 
or back to the atmosphere remains difficult to quantify in risk assessment modeling. In the absence of a large number of field-scale 
case studies, laboratory and numerical models are necessary to understand how wellbore leak paths might evolve.  
For risk assessment, however, it is more important to capture the range of behaviors and assign a probability of occurrence with the 
impact. In order to quantify risk, we need an Integrated Assessment Model (IAM) that describes the entire system. An IAM is built by 
modelling the individual components using laboratory experiments, case studies, and detailed numerical models. Given the long time-
scales for conducting experiments and running complex simulations it is not practical to uses these complex components for piecing 
together a full model. Therefore we need a simplified form consisting of Reduced Order Models (ROM). ROMs can be built by 
simplifying the components, for example by generating lookup tables and simple analytic solutions, that captures relevant behavior for 
the component (Pawar et al., 2013).  
1.2. Motivation 
Current ROMs and well-scale leak models do not account for changes in leak path conductivity due to chemical reactions 
(Nordbotten et al., 2005; Pawar et al., 2013; Tao et al., 2011). However, experiments have shown significant reaction between free-
phase CO2 or CO2-saturated brine and cement both in the field  and in the laboratory under static and dynamic conditions (Kutchko et 
al., 2007; Mason et al., 2013; Newell and Carey, 2013). One key result of recent efforts was the identification of precipitation that can 
occur if residence time is sufficiently long (Huerta, 2013; Huerta et al., 2013).  
Using these observations and building off fundamental reactive transport principles we present a simplified 1-D model to describe 
the evolution of a leaky well that is subject to dissolution and precipitation. This model can be applied to laboratory scale experiment 
to capture key aspects of the coupling between transport and reaction. The advantage of this model is its simple analytic solution that 
does not require a complex reactive transport numerical simulator, which would have difficulties with the large scale discrepancy for 
the fracture (micron scale) and leak path (meter scale). The field scale model can also be used in field scale risk assessment models to 
forecast a range of leakage behavior and can be improved with additional experiments that further define key parameters of the system. 
 
5726   Nicolas J. Huerta et al. /  Energy Procedia  63 ( 2014 )  5724 – 5736 
2.1. Experiment observations 
Figure 1 – Experiment results for sample JA1.  A. Plot of permeability as a function of volume of CO2-rich water injected. B. Image of post-experiment fracture 
surfaces. Flow is from left to right. The yellow line indicates extent of visibly observable precipitation and yellow box highlight region of extensive precipitation 
within the fracture.  
While out of the scope of this paper some background on the experimental observations that inspired this model is necessary. More 
details of the experiments can be found in Huerta (2013). Experiments were performed using a high-pressure core flow unit that enabled 
the injection of CO2-rich water into class H neat cement cores. Heterogeneous fractures were created using the Brazilian method. Four 
cores were stacked end to end (with fracture planes aligned perpendicular to the neighboring core) to extend residence time. CO2-rich 
water was injected at constant pressure differential and flow rate was observed during the experiment. Figure 1 shows results from one 
constant pressure differential composite core experiment. Figure 1 – A. is a plot of sample permeability as a function of the volume of 
CO2-rich water injected. From 0 mL to 2 mL of volume injected the permeability is stable between 5 mD and 10 mD. Afterward the 
permeably begins to decrease and by 6 mL injection has stopped. Figure 1 – B. shows an image of the post-experiment fracture surfaces. 
Flow is from left to right.  
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2.2. Model Summary 
This section presents summary of a simple empirical model that captures key aspects of the coupling between transport and reaction 
that were identified in laboratory experiments (Huerta, 2013) and can be used to estimate leakage at the field scale. An advantage of 
this empirical model is its modular derivation and analytic solution. The model does not require complex reactive transport numerical 
simulations, which would have difficulties with gridding and run-times due to the large scale difference between the micron size 
fractures and the leak path, which can be hundreds of meters. This approach is useful for field-scale risk assessment to forecast a range 
of leakage behavior. The modular nature facilitates improvements of the model with additional experiments that further constrain the 
model parameters. The full derivation of this model is presented in Huerta (2013). 
Figure 2 – Illustration of the model showing two time steps. As fluid advects through the domain three fronts travel down the length. These fronts define three zones 
with distinct permeabilities. Precipitated mineral (black rectangles) accumulates with time so that permeability in the corresponding region decreases with time. The 
concept of flow in series and an empirical function for the precipitation zone permeability are used to determine leakage over time.  
Figure 2 shows an illustration of the model at two time steps. The model defines the flux front as the fluid front (xf) which advances 
with time. The precipitation front (xp) and dissolution front (xd) move at a speed proportional to xf. The proportionality constants are 
retarding factors Į and ȕ respectively. As the three fronts advance, the zone between the precipitation and dissolution front grows. 
The first (minimally altered) zone lies between xf and xp and has the initial permeability (k0) of the leak path. The second 
(precipitation) zone lies between xp and xd and has a permeability (k1) that is less than the initial permeability. One key assumption is 
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that the permeability in this zone decreases as additional fluid is injected and calcite precipitate accumulates. A constant value of k1 , 
even if smaller than k0 cannot match the experimental observations even qualitatively (Huerta, 2013). A logistic function is chosen to 
describe k1 evolution with time, because this yields predictions of no change in permeability for some time, followed by an asymptotic 
decay to low permeability. The final (reacted) zone is upstream of xd and has a permeability of k2. In this work we assume k2 is equal 
to k0, though there is evidence that k2 is typically smaller than k0 (Huerta, 2013). 
Though laboratory experiments are commonly run with constant flow rate boundary conditions, the appropriate boundary condition 
for wellbore leakage is constant gradient in flow potential. Thus the model is formulated as an implicit equation for flow rate. The 
model assumes single phase incompressible flow and uses the flux version of Darcy’s equation, which normalizes for the fracture area. 
After defining relations to get all distances in terms of xf and solving the flow equation with an initial condition of xf = 0 at t = 0 we get 
the following equation: 
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This analytic solution gives the time required for the fluid front to advance a certain distance. Precipitation front and dissolution 
front are calculated using: 
ݔ௣ ൌ ߙݔ௙  (5) 
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Permeability evolution of the precipitation zone is parameterized by a logistic equation with the injected fluid front position xf as the 
impendent variable: 
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and average permeability is determined from the formula for flow in series: 
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Volume of fluid leaked (Vf) from the reservoir and into the overlying formation is proportional to the fluid front position, the fracture 
aperture (B) and fracture width (W): 
௙ܸ ൌ ݔ௙ܤܹ (9) 
The model gives the time required (dependent variable) for fluid to move a specified distance (independent variable), which is based 
on how the weighted average permeability evolves in the system. The other parameters (e.g. permeability and front positions) are then 
calculated using the equations above. The model consists of six parameters which can be defined using experiment data or subsurface 
estimations (ǻP, ʅ, L, k0, k2 and xf). Retardation of the fronts (Į and ȕ parameters) are unknown but observations of precipitation and 
dissolution on the fracture surface (Figure 1) compared with the number of fracture volumes injected provides insight for estimating 
appropriate order of magnitude. The parameters in the logistic function are adjusted to fit experiments run under constant pressure drop 
conditions (Huerta, 2013).  
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2.3. Well leak geometry and driving force 
Figure 3 – Geometry (red line along wellbore through cap rock) and parameters used in leak model.  
 The leaking well is assumed to have a leak source at a depth (Dleak) corresponding to the top of the storage formation. Fluid exits 
the top of the leaky well at a vital asset (e.g. USDW or oil/gas reservoir) of some depth (Dtop). The leakage path length (L) is the 
difference between these two depths: 
 
ܮ ൌ ܦ௟௘௔௞ െ ܦ௧௢௣ (10) 
The difference in hydraulic potential (߰) is the driving force for fluid flux and is the difference in potential at the leak source (Pleak 
-ȡgDleak) and the potential of an overlying formation (Ptop-ȡgDtop). The potential differential is then: 
ο߰ ൌ ௟ܲ௘௔௞ െ ௧ܲ௢௣ ൅ ߩ݃ሺܦ௧௢௣ െ ܦ௟௘௔௞ሻ (11) 
Fluid pressure at the leak source will be determined by the injection history of the GCS operation and is assumed constant in this 
study. To prevent fracturing, the maximum injection pressure will be significantly less than the overburden (ʍob) pressure (Figure 3 –  
black line). Overburden gradient is assumed to be 1.0 psi/ft. An engineering factor (0.8 for this scenario) is used to define the maximum 
allowed injection pressure (Figure 3 – green line). Pressure at the leak top is determined by a hydrostatic gradient (0.45 psi/ft) and 
depth of the leak top. Thus the potential difference simplifies to: 
ο߰ ൌ ሺߪ௢௕ െ ߩ݃ሻܦ௟௘௔௞  (12) 
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3. Results 
3.1. Single well leak example 
A hypothetical single-well leakage scenario is presented to highlight features of the model. For this scenario the leak depth is at 
8,000 ft and depth to top of leak is at 1,000 ft. The fracture aperture is 100 m and width is 5.08 cm. Table 1 lists other input parameters 
used in the model.   
Table 1 – Parameters used in example single-well leakage scenario. 
Parameter Value 
Leak source pressure (Pleak), psi 6,400 
Leak top pressure (Ptop), psi 450 
Hydraulic potential difference (ǻ࣒), psi 2,800 
Leak length (L), ft 7,000 
Minimally altered zone permeability (k0), D  833.33 
Reacted zone permeability (k2), D 833.33 
Viscosity (), Pa-s  1 × 10-3 
Precipitation retardation (Į), - 1 × 10-4 
Dissolution retardation (ȕ), - 1 × 10-6 
Logistic parameter 1 (a), - 1 × 10-2 
Logistic parameter 2 (b), cm-1 1 
 
The parameters (especially values for the retardations and logistic parameters) were chosen to illustrate how changes in leak path 
conductivity affects fluid leakage up the wellbore.  
Figure 4 shows the evolution of the fronts from the initiation of a leak until 20 days. Figure 4 – A. shows the position of the fluid 
front in black for the limiting case of no reactions and hence no alteration of leakage path permeability. Arrival of CO2-saturated brine 
under these conditions would occur at 3.23 days. The blue line shows the fluid front when reactions leading to fracture permeability 
reduction are considered. By three days the rate of advance of xf has slowed considerably, so much so that it takes 268.2 days for the 
fluid front to reach the overlying aquifer (not shown on this plot). Figure 4 – B. shows a zoomed in view of the leak path inlet (note 
the y-axis scale). The slowing of the fluid velocity is the result of the accumulation of precipitate in the leakage path close to the leakage 
source. The precipitation front has only moved 0.72 ft up the well and the dissolution front is only 7 × 10-3 ft from the leak source. 
Figure 4 – Position of fluid fronts along a wellbore leakage path over time. A. In the absence of reactions (black line) the leaking fluid reaches the upper zone rapidly. 
When reactions between CO2-saturated brine and cement cause leakage path permeability to decrease (blue line), the leaking fluid rises rapidly at first but then slows 
down dramatically. B. Precipitation front (green line) and dissolution front (red line) lag so far behind xf that a zoomed in plot for length is required to plot them. 
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 Table 2 shows a comparison between the no reaction (constant permeability) and reaction cases for both breakthrough time and for 
volume of fluid leaked over 50 years. In the no reaction leak scenario the well would leak 6.1 × 104 L of formation brine into the 
USDW. If self-sealing of the pathway is considered the amount of fluid leaked into the USDW is orders of magnitude less (12.66 L).  
Table 2 – Comparison of breakthrough time and leak volume at 50 years for uniform and dynamic cases. 
No reaction Reaction 
Time to breakthrough, days 3.23 438.7 
Volume leaked at 50 years, L 6.1 × 104 12.66 
 
3.2. Single well parameter 
Experiments have given some estimates on the range of parameters for the model (Huerta, 2013) but the data was from a limited 
number of experiments that studied a limited range of parameter space. Here we study the behavior of the model as the key unknowns 
are varied across a wide range. 
3.2.1. Leak length 
To illustrate how leak length affects leakage we use the most of the base case parameters (Table 1) hold the Dtop fixed while 
increasing Dleak. The increased leak depth has a corresponding effect on leak length, potential difference, and fracture volume (Table 
3). Figure 5 shows breakthrough time as a function of leak depth for a uniform leak and dynamic leak. As leak length increases both 
cases show an increase in the time required to leak formation fluid into the overlying aquifer. If the leak length is short then the uniform 
and dynamic cases match but as the leak length increases the dynamic leak breakthrough time increases exponentially.  
Figure 6 shows volume of reservoir brine leaked into the overlying aquifer after 50 years. In the uniform leak case the volume of 
fluid leaked ranged from 1.76 × 105 L to 1.28 × 105 L as leak depth increased. In the dynamic leak case the volume of fluid leaked 
increases from 12.5 L to 13.4 L and is four orders of magnitude less than the case with no reaction. In fact, in the two longest lengths 
the formation fluid would not even fully displace the fluid initially in the leak path.  
Table 3 – Values used in leak length parameter study.  
Leak depth, ft 2,000 3,500 8,000 10,000 12,000 
Leak length, ft 1,000 2,500 7,000 9,000 10,000 
Potential difference, 
psi 
709 1,923 2,842 3,540 3,897 
Fracture volume, L 1.15 3.87 10.84 13.94 15.48 
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Figure 5 – Plot of breakthrough time (log scale) versus leak length for the case of no reaction (i.e. uniform leak) and considering precipitation induced permeability 
change (i.e. dynamic leak). While breakthrough time increases as leak length increases for both cases, precipitation induced permeability decrease causes breakthrough 
time to increase exponentially. 
Figure 6 – Plot of volume leaked at 50 years as a function of leak length. Volume leaked in the uniform case is four orders of magnitude more than in the dynamic leak 
case. Volume leaked in both cases is not strongly controlled by leak length.  
3.3. Leak depth 
Next we varied the leak depth and leak top while holding all other parameters constant. Figure 7 shows breakthrough time as a 
function of leak depth. Reaction leak case is well above the no reaction leak case and fairly insensitive to leak depth. Figure 8 shows 
volume leaked after 50 years leakage in the reaction case is orders of magnitude less than in the no reaction case and is also insensitive 
to changes in leak depth.  
Table 4 – Values used in leak depth parameter study. 
Leak top, ft 100 500 1,000 2,000 3,000 5,000 
Leak bottom, ft 7,100 7,500 8,000 9,000 10,000 12,000 
0.1
1
10
100
1000
10000
100000
1000000
10000000
0 2000 4000 6000 8000 10000
Br
ea
kt
hr
ou
gh
 ti
m
e,
 d
ay
Leak length, ft
No reation
Reaction
1
10
100
1000
10000
100000
1000000
0 2000 4000 6000 8000 10000Vo
lu
m
e 
le
ak
ed
 a
t 5
0 
ye
ar
s,
 L
Leak length, ft
No reaction
Reaction
 Nicolas J. Huerta et al. /  Energy Procedia  63 ( 2014 )  5724 – 5736 5733
 
Figure 7 – Breakthrough time as a function of leak depth. As leak depth increases dynamic leak case decreases but remains well above the uniform leak case.  
Figure 8 - Volume of fluid leaked at 50 years as a function of leak depth. Both cases are fairly insensitive to changes in leak depth and the volume of fluid leaked in 
the dynamic case is orders of magnitude less than in the uniform case.  
3.3.1. Hydraulic aperture 
The next parameter that was varied was the leak path hydraulic aperture (or leak path permeability). Table 5 shows the hydraulic 
aperture, corresponding fracture permeability, and fracture volume used in the parameter study. Figure 9 shows breakthrough time for 
the no reaction and reaction cases as a function of initial aperture. Increasing aperture decreases the time required for breakthrough. 
Dynamic leak case always takes two orders of magnitude longer than the uniform leak case. If the aperture is sufficiently large then 
breakthrough occurs very quickly (i.e. within a year) in all cases.  Figure 10 shows that, for both cases, the volume of fluid leaked at 
50 years increases for larger apertures. No reaction case volume is higher than the reaction case volume by several orders of magnitude 
at small aperture and the rate of increase in volume increases for larger apertures.  
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Table 5 –Values used in hydraulic aperture study. 
Hydraulic aperture, ȝm 10 50 100 250 500 
Permeability, D 8.33 208 833 5,208 20,833 
Fracture volume, L 1.08 5.42 10.84 27.1 54.19 
Figure 9 – Breakthrough time as a function of hydraulic aperture. In both uniform and dynamic leak cases breakthrough time decreases as hydraulic aperture increases. 
Breakthrough time for the dynamic case is always longer than the uniform case.   
 
Figure 10 – Volume of fluid leaked at 50 years as a function of hydraulic aperture. Uniform case leak volume is orders of magnitude higher than compared with the 
dynamic case for a given aperture size. The 50 year leak volume is also less sensitive to a hydraulic aperture increase and leakage remains comparatively low.  
3.3.2. Retardations 
Retardation of the precipitation and dissolution fronts was studied next. Parameter Į had a stronger effect on the time to break 
through compared to the ȕ parameter. At small Į the time to breakthrough approached the uniform case. As Į increased past the 
example parameter of 1.0 × 10-4 the time to breakthrough increased significantly faster. The ȕ parameter had the opposite effect, as the 
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value got smaller it increased the breakthrough time. However, the effect was significantly weaker and seemed to have little difference 
in time to breakthrough as ȕ got very small (i.e. difference between ȕ = 1.0 × 10-7 and ȕ = 1.0 × 10-10 is negligible for a given Į value).  
 
Table 6 – Table of time to breakthrough for different sets of Į and ȕ parameters. Grey shaded cells represent breakthrough time that is the same as the uniform case. 
The bold and italicized value represents the single well leak example breakthrough time using the dynamic model. Cell with dash in it represents invalid set of 
parameters. 
Time to breakthrough, day 
Į                         ȕ 1.0 × 10-4 1.0 × 10-5 1.0 × 10-6 1.0 × 10-7 1.0 × 10-10 
1.5 × 10-4 3.90 × 106 1.10  × 107 1.16  × 107 1.17  × 107 1.17  × 103 
1.1 × 10-4 210 2,068 2,254 2,272 2,274 
1.0 × 10-4 3.23 240 268 271 271 
1.0 × 10-5 - 3.23 3.23 3.23 3.24 
 
3.3.3. Logistic parameters 
The final parameters that were studied were the coefficients in the logistic function. Table 7 shows time to breakthrough for different 
choices of a and b using the dynamic model. Time to breakthrough is highly non-linear depending on the choice of parameters. For 
small a and b the time to breakthrough behaves much like the uniform case and as either parameter is increased, the time to breakthrough 
increases. The model is much less sensitive to changes in the a parameter and the range of a spans six orders of magnitude. The 
breakthrough time is much more sensitive to the b parameter and the range only spans a three-fold change. Increasing both parameters 
rapidly increases the time to breakthrough. 
Table 7 – Table of time to breakthrough for different sets of a and b parameters. Grey shaded cells represent breakthrough time that is the same as the uniform case. 
The bold and italicized value represents the single well leak example breakthrough time using the dynamic model. 
Time to breakthrough, day 
a                    b 0.5 0.75 1.0 1.25 1.5 
1 × 101 15 1,678 2.65 × 105 4.44 × 107 7.72 × 109 
1 × 10-1 3.53 20 2,653 4.44 × 105 7.72 × 107 
1 × 10-2 3.25 4.91 268 4.44 × 104 7.72 × 106 
1 × 10-5 3.23 3.23 3.50 47.64 7.72 × 103 
4. Discussion 
The sensitivity study results provide evidence that over a range of conditions the volume of fluid leaked over long periods is much 
less if self-sealing behavior is considered. Even when early-time behavior shows formation fluid breakthrough, the precipitation front 
lags sufficiently behind the fluid front to allow self-sealing of the wellbore. The role of leak length and leak depth are secondary and 
are typically fixed within a specific range for a given field, unless leakage into multiple overlying zones is possible. Permeability shows 
an intuitive relationship in that a larger permeability yield and earlier breakthrough. However, the observation that a larger aperture 
seals more quickly when considering self-sealing behavior was unexpected. There may be a decoupling between aperture and another 
parameter (e.g. logistic or retardation parameters) because although the aperture size may increase, the reactive surface area may not 
necessarily also increase. Because aperture is unknown in the field any modeling will probably ascribe a wide distribution for this 
parameter.  
The parameters that most strongly affect leakage evolution are the retardation values and the logistic parameters. If the precipitation 
front is too close to the fluid front then any change in precipitation zone permeability quickly shuts off the leak. The magnitude of the 
dissolution retardation has less effect. Relaxing the assumption that the dissolution zone permeability is equal to the initial permeability 
will change this effect. If the dissolution zone permeability is higher than the initial permeability this model may even show slight 
increase in leakage depending on the choice of k2. The logistic parameters control both how long before the onset of permeability 
reduction occurs (a) and how sharply the permeability decreases (b). The parameter study showed that small changes to the b value 
have a large effect on the time to breakthrough while a can vary by orders of magnitude. Determining how these parameters are related 
5736   Nicolas J. Huerta et al. /  Energy Procedia  63 ( 2014 )  5724 – 5736 
to properties of the system (e.g. cement type, CO2-saturation, brine concentration, pressure, temperature, reaction rates) will allow the 
forecasting of leakage risk based on known or estimated exploration history for a candidate site.  
5. Conclusions and future work 
This paper presents a simple model that can be used to estimate the time-dependent leakage of CO2-saturated fluid up a well. The 
model takes into account changes in permeability due to complex reactive transport processes that can have a significant effect of 
estimating long-term wellbore leakage. The model shows that when precipitation induced permeability decrease is considered, the 
amount of fluid leaked can be orders of magnitude less than when considering a leak with no reaction. Because the precipitation zone 
lags far behind the fluid front, even when breakthrough occurs early, the well will seal in the long-term. More work is needed to 
understand how empirical model parameters are related to actual physical parameters. With further insights this model can be adjusted 
to forecast leakage for a large range of scenarios. This model can then be applied to field-scale stochastic leakage estimates and 
incorporated into Integrated Assessment Models.  
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